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There are considerable problems in developing practical high-power sources of coherent radiation tunable in the terahertz frequency range between 300 GHz and 3 THz ͑wave-length 1000-100 m͒. Electronics techniques in the microwave range are difficult to extend beyond 200 GHz; on the other hand, optical techniques of quantum electronics are difficult to extend below 10 THz.
1 The most successful techniques for generating narrow-band, high-power terahertz pulses have come from frequency down conversion of 1-and 10-m lasers. Tunable terahertz sources based on phasematched difference-frequency generation ͑DFG͒ at a frequency of 3 = 1 − 2 ͑where 1 and 2 are input frequencies͒ were demonstrated both in birefringent ZnGeP 2 ͑Ref. 2͒ and LiNbO 3 ͑Ref. 3͒ and isotropic GaAs ͑Ref. 4͒ nonlinear crystalline materials. However, until now the highest power produced by DFG at terahertz frequencies is ϳ4 kW generated in a LiNbO 3 ͑Ref. 3͒ or in a GaAs crystal at the liquidhelium temperature. 4 Higher megawatt power level has been achieved only in optically pumped molecular lasers on very few fixed frequencies. 5 Many applications will benefit from a tunable, highpower, narrow-band terahertz source. For instance, recently we proposed to seed an undulator with a megawatt-power terahertz pulse in order to modulate a relativistic electron beam on a picosecond time scale using an inverse freeelectron laser technique. 6 In this paper, we report the generation of noncollinear phase-matched terahertz differencefrequency radiation by mixing two CO 2 laser lines in a GaAs crystal at room temperature. The measured power at 340 m ͑ 3 /2 = 0.897 THz͒ was ϳ2 MW. The record DFG power was achieved in this work because of a significant increase in the frequency conversion efficiency when the pulse length was switched from a standard 200 ns to a short 250 ps. By selecting different line pairs a step-tunable radiation source in the terahertz range was obtained.
The experiment has been performed at the Neptune Laboratory at UCLA with a two-wavelength CO 2 master oscillator-power amplifier system. 7 The simplified optical scheme for difference-frequency mixing in GaAs is shown in Fig. 1 . The two-wavelength CO 2 laser beam used for mixing contained the 10R͑16͒ line at 10.3 m ͑ 1 ͒ and the 10P͑20͒ line at 10.6 m ͑ 2 ͒ fully overlapped in time and space. The conservation of photon energy ͑ matching͒ gives the wavelength of the difference-frequency radiation at 340 m ͑ 3 ͒. To conserve momentum ͑k matching͒ the wave vectors of the CO 2 laser lines have to be noncollinear, as shown in Fig. 1 . Noncollinear mixing is possible because GaAs possesses anomalous dispersion between the incident CO 2 laser radiation and the terahertz difference-frequency radiation. Similar to the pioneering work by Aggarwal and Lax, 4 we found that the phase-matching angle for this pair of lines is equal to 0.72°͑the external phase-matching angle E is 2.38°͒ and the angle at which the terahertz radiation is generated with respect to the direction of incident radiation at 1 is 21.64°. The angle of propagation of the terahertz beam inside the crystal is greater than the critical angle for total internal reflection. Therefore, as shown in Fig. 1 , the output face of the GaAs crystal ͑in the form of a 2 ϫ 4 ϫ 2.5-cm 3 rectangular parallelepiped͒ was cut at an angle of ϳ10°to decouple both the 10-and 340-m beams. It is important to note that the refraction of the pump and terahertz beams in a noncollinear configuration allowed the separation of the newborn radiation from the pump lasers in space. In the experiment a vertically polarized, two-wavelength CO 2 laser beam was split into two optical arms and combined together in the GaAs crystal. Because of the crystal geometry, only one wavelength in each arm was utilized for the DFG process of interest, and half of the terahertz radiation with mirror sym- metric k matching was trapped inside the crystal. Three beams ͑ 1 , 2 , and 3 ͒ had the same polarization parallel to the ͓111͔ axis of the GaAs crystal. The terahertz radiation was collected by a cone and sent onto a Golay cell for detection. For an ϳ2.8-m-long base of both arms, we obtained an angle resolution of less than 0.01°while scanning the phase-matching angle. The latter was realized simply by adjusting both the position and angle of the movable mirror M.
The study of noncollinear mixing of laser lines in GaAs was divided into two parts. First, we used 200-ns pulses containing a laser power of 250 kW ͑intensities in the focused beam of the order of 5 -6 MW/ cm 2 ͒ to optimize phase matching for terahertz generation. Having confirmed the noncollinear phase-matching angle, a high-power, twowavelength CO 2 laser beam with a pulse duration of 250 ps ͑intensities of the unfocused beam up to 1 GW/ cm 2 ͒ was sent to the crystal.
As seen in Fig. 2 , tuning of the phase-matching angle showed that the terahertz signal peaked at = 0.71°͑ E = 2.33°͒ and the full width of the phase-matching curve ⌬ was 0.2°. For 200-ns pulses with a peak power of P 10.3 = P 10.6 = 125 kW in a focused laser beam we detected terahertz pulses with a peak power around 1.5 W. A narrow-band interference filter ͓ϳ100-GHz full width at half maximum ͑FWHM͔͒ centered at 350 m ͑Ref. 8͒ was used to verify the generated frequency. Note that in these measurements the pump CO 2 laser was stabilized 7 and generated a single longitudinal mode with a linewidth of less than 100 MHz. By selecting the different pair of laser lines-the 10P͑28͒ + 10R͑24͒ lines-we obtained a 240-m ͑1.25 THz͒ radiation with approximately the same conversion efficiency ͑see Fig. 2͒ . This shows that tunability in the range of 3000-100 m may be obtained using the DFG of CO 2 laser lines in GaAs, however, an increasing phonon absorption for wavelengths shorter than 200 m may require cooling of the crystal. 4 In the plane-wave approximation, the output DFG power P 340 for a perfect phase matching is given by
͑1͒
where S denotes the area of the input beams, T 1 , T 2 , and T 3 are the single surface transmission coefficients at the frequencies 1 , 2 , and 3 , respectively, and ␣ is the absorption coefficient of terahertz radiation in GaAs. The interaction length L in the case of noncollinear geometry is limited by the length over which two crossed beams are overlapped. The best matching between the measured width of the phasematching curve in Fig. 2 and a calculated one was found to be at L Ϸ 10 mm. Using n 1 = n 2 = 3.28 and n 3 = 3.61, 9 the effective nonlinear coefficient d eff =50ϫ 10 −12 m / V, and the absorption coefficient for terahertz radiation in GaAs at room temperature of 0.2 cm −1 in Eq. ͑1͒ gives P 340 = 2.3 W for a beam diameter of 2 mm.
Switching to shorter pulses may increase the frequency conversion efficiency in two ways: first, owing to the pump power increase in the experiment, and second, this power can be coupled into a crystal because of the higher damage threshold for shorter pulses. For 200-ns pulses no damage was observed with intensitiesഛ 16 MW/ cm 2 , which is in good agreement with a 30-MW/ cm 2 value of the surface damage threshold reported by Gordon et al. 10 In a series of damage threshold measurements for 250-ps CO 2 laser pulses, we observed a single shot damage of GaAs at ϳ0.5 J / cm 2 ͑ഛ2 GW/cm 2 ͒. However, in the experiment for the unfocused 10-m beams with a cross section of 3 ϫ 2 cm 2 , the existence of hot spots seriously limited the incident fluence especially for the multishot exposure. As a result, the typical pump intensity did not exceed 1 GW/ cm 2 . Moreover, using a two-wavelength beam in each arm with a 10/1:20/1 ratio between the 10.6-and 10.3-m lines in combination with an efficiency of the beam splitter at ϳ0.7 caused the useful pump power to be around 250 MW/ cm 2 . As shown in Fig. 1 , a phase-matched terahertz beam produced by another part of the pump with the symmetric k matching was trapped inside the crystal. The detector placed after a 0.5-m-long Cu waveguide and Teflon filters measured approximately 250-J energy; taking into account the measured attenuation of the terahertz transport system, up to 0.5-mJ energy was generated.
The results of high-power DFG measurements are presented in Fig. 3 . As seen in Fig. 3͑a͒ , the measured width of the phase-matching curve decreased approximately by a factor of 3 when compared to the width recorded in Fig. 2 clearly indicating that the interaction length for a large beam is limited by the crystal size. If we consider the interaction length equal to the crystal size of 2.5 cm and the pump power value of 250 MW/ cm 2 over the whole 6-cm 2 beam, we calculate a total power of P 340 = 2.8 MW using Eq. ͑1͒. This is in good agreement with the experimentally measured power of approximately 2 MW assuming a 250-ps-long terahertz pulse. The inhomogeneity of the pump optical beam may in part be responsible for the discrepancy between the experiment and the calculations. The achieved peak power corresponds to the ϳ10 −3 external conversion efficiency and 
